The aim of this study was to determine whether subtle changes in the energy-to-N ratio of medium-concentrate diets alters hepatic export protein synthesis and the partition of protein metabolism in the whole body of growing rams. Rams (n = 6; 41.5 ± 2.6 kg of BW) were fitted with catheters for measurement of Leu and Phe tracer kinetics across the portal drainedviscera (PDV) and liver. Rams were assigned to receive 3 dietary treatments according to a duplicated Latin square design. Animals received forage-concentratebased diets that were balanced for ME and available N (CON), 20% imbalanced (reduced) in available N (LN), or 20% imbalanced in ME (LE). ) diets. Compared with CON, whole body irreversible loss rate (ILR) of Leu and Phe was less (10 to 16%, P < 0.02) for LN and LE diets, which for Leu reflected its decreased (20 to 24%, P < 0.05) net PDV absorption. The decreased whole body ILR is due to a decreased PDV ILR in both diets with a relative contribution of the PDV to the whole body ILR decreased (P < 0.05) in the LN (27%) diet compared with the CON (36%) and LE (33%) diets. This decreased PDV ILR was associated with a decreased net Leu PDV uptake in LN and LE diets (−25 and -20%, respectively; P < 0.05). Conversely, the decreased whole body Phe ILR is explained by a decreased hepatic ILR (and contribution to the whole body ILR) and was associated with a decreased net hepatic uptake of Phe in LN (−25%) and LE (−20%) diets compared with CON (P = 0.03). The fractional and absolute synthesis rates of total proteins and albumin were decreased by 10% in LE animals (P < 0.05), whereas they were not affected by the LN diet. These results suggest a specific decreased utilization of Leu at the PDV due to a specific sparing mechanism in the LN diet. Conversely, a decreased Phe utilization occurred in the liver in both diets (due to a decreased export protein synthesis and a probable decreased oxidation in LE diet, whereas only oxidation is reduced in LN diet).
INTRODUCTION
Metabolism of the total splanchnic tissues [TSP = portal-drained viscera (PDV) + liver] in ruminants accounts for a large proportion of the net utilization of AA in the body (Lapierre et al., 2000) . The TSP alone represents 30 to 50% of protein synthesis in the body (Lobley et al., 1994) and about 50% of energy expendiDietary nitrogen-to-energy ratio alters amino acid partition in the whole body and among the splanchnic tissues of growing rams 1 I. Savary-Auzeloux,* † 2 G. Kraft,* B. J. Bequette, ‡ I. Papet, † D. Rémond, † and I. Ortigues-Marty* tures in ruminants (Ortigues and Doreau, 1995) , with net liver uptake accounting for 50% of the net PDV release of AA in ruminants. An important function of the liver is the synthesis of export proteins, in particular acute phase proteins, as shown by Kushner and Mackiewicz (1993) . In dairy cows, despite variation in MP supply and changes in net removal of AA by the liver, plasma protein synthesis is stable (Raggio et al., 2007) . By contrast, plasma protein synthesis rates were reduced in fasted vs. fed sheep (Connell et al., 1997) . Consequently, the nutritional regulation of hepatic export protein synthesis is poorly understood in growing ruminants and, particularly, whether subtle changes in energy and protein intake, as would occur in practice, can modify hepatic protein synthesis. The synthesis of hepatic export proteins (rich in Cys and Phe) may limit the supply of these AA to the peripheral tissues for anabolic purposes (Raggio et al., 2007) . Consequently, a better understanding of the impact of nutritional factors on AA utilization by the liver is essential to our ability to assess the supply of AA to productive tissues and to formulate diets (N/ energy ratio) to ensure critical functions and growth.
The aim of the present study was to investigate the outcome of changes in the relative dietary N and energy supply on whole body partition of protein metabolism among the TSP tissues in growing rams, with special attention given to hepatic export protein synthesis.
MATERIALS AND METHODS
The experiment was conducted according to established guidelines for the care and use of animals (Certificate of Authorization to Experiment on Living Animals, Ministry of Agriculture, France) and in accordance with the guidelines of the European Community for the use of experimental animals.
Animals and Treatments
Six growing rams (Limousin × Ile de France × Romanov, 4 to 6 mo, 41.5 ± 2.6 kg of BW) were surgically prepared with catheters implanted into the portal and hepatic veins (Kraft et al., 2007) and a catheter directly implanted in the abdominal aorta to access arterial blood. The rams were also fitted with a catheter directly implanted in the vena cava for tracer infusion. Lastly, a transit-time ultrasonic blood flow probe was also inserted around the portal vein (type A, Transonic Systems Inc., Ithaca, NY). After surgery, animals were housed in individual stalls under conditions of constant lighting and were given ad libitum access to a basal diet (control , Table 1) , water, and a trace mineralized salt block. The rams were allowed to recover from surgery for at least 3 wk.
After recovery, rams were assigned to 3 diets according to a replicated 3 × 3 Latin square design with Estimated from Institut National de la Recherche Agronomique feeding system (Jarrige, 1989) .
Partition of amino acid utilization within the body 2-wk periods. The diets were composed, by weight (asfed basis), of 30% grass hay (not pelleted) and 70% concentrate (concentrate supplied as pellets; Table 1 ). The composition of the concentrate mix was formulated to generate diets that were sufficient in N and energy, contained energy that was less than requirements, or contained N that was less than requirements. The control (CON) diet was composed of concentrate mix #1 plus the forage and was sufficiently balanced to provide available N and ME to support 200 g·d −1 of BW gain according to Institut National de la Recherche Agronomique (INRA) requirements tables for growing rams (INRA feeding tables, Jarrige, 1989) . The N-limited diet (LN) was composed of concentrate mix #2 plus the forage, resulting in sufficient ME intake but 20% less available N intake compared with the CON diet. The energy-limited diet (LE) was composed of concentrate mix #3 plus the forage, resulting in sufficient available N intake but 20% less ME intake compared with the CON diet. Diet intakes were adjusted at the start of each treatment period on the basis of metabolic BW (kg of BW 0.75 ). The diets were fed at 3-h intervals in 8 equal size meals per day. Dietary treatment periods were separated by 7 d during which animals were fed the CON diet. During the last 24 h of each dietary treatment period, animals were fed at 1-h intervals to simulate steady-state conditions of digestion, absorption, and metabolism.
Net and Tracer Kinetic Measurements
Beginning at 0600 h on the last day of each experimental period, a continuous infusion (10 h) into the vena cava of l-[ring- ). The doses of tracers infused are consistent with other studies (Lobley et al., 1996) . Blood flow in the portal vein was monitored continuously by flow probe over the last 7 h (1000 to 1700 h) of tracer infusion. Between 1030 and 1630 h, matched sets of blood samples (5 mL) were collected into heparinized tubes (5 IU/mL of blood) at 1-h intervals (between meals) from the arterial, portal, and hepatic vein catheters for AA and plasma protein analyses. A 1-mL blood sample was also collected into tubes containing 3 mM EDTA-K (10 µL/mL of blood) for measurement of fibrinogen. Packed cell volume was determined by hematocrit. No significant drift was noted for blood flow and packed cell volume throughout the sampling period. Consequently, an average blood (plasma) flow over the sampling period was used in flux calculations.
Fresh heparinized blood was immediately centrifuged (4°C, 15 min at 1,200 × g) to separate plasma. For AA concentration, to a known weight of plasma (0.75 g) was added a known weight (0.060 g) of a mixture of [U-13 C]-labeled AA derived from hydrolysis of algal protein (Calder et al., 1999) . After vortex mixing, the samples were deproteinized by addition of sulfosalicyclic acid (15% wt/vol) and centrifuged at 10,000 × g for 10 min at 4°C. The acid supernatant was stored at −20°C until determination of Phe and Leu concentration by gas chromatography-mass spectrometry (GC-MS, Trace GC/Automass Multi, Thermofinnigan, Courtaboeuf, France) using the isotope dilution approach (Calder et al., 1999 13 C]Leu in total plasma proteins and in albumin was determined as described previously (Connell et al., 1997; Calder et al., 1999) . Albumin was purified from 0.25 mL of plasma by affinity chromatography employing a 2-mL column of blue Sepharose CL 6B (Pharmacia, Uppsala, Sweden) and albumin precipitated by addition of 2 mL of 100% trichloracetic acid (Ruot et al., 2000) . Plasma proteins were hydrolyzed in 6 N HCl for 24 h at 110°C and AA isolated by cation-exchange. After formation of the N-acetyl-propyl derivative of Leu, the ratio 13 CO 2 : 12 CO 2 was measured on a gas isotope ratio mass spectrometer (Isoprime, Cheadle, UK). The enrichments for free and protein-bound AA are expressed as atom percent excess (APE) above background. Insulin concentration was determined in plasma treated with trasylol (300 IU/mL; Bayer Healthcare AG, Leverkusen, Germany) as an antiprotease and assayed by RIA (MP Biomedicals, Illkirch, France).
Total plasma protein concentration was determined according to Lowry et al. (1951) , albumin concentration using a commercial kit (Sodioba, Montbonnot St Martin, France), and fibrinogen was measured by turbidimetry on a Cobas Mira analyzer (ABX Diagnostics, Montpellier, France) as described previously (Macart et al., 1989) .
Calculations and Statistical Analyses
The hepatic arterial flow was estimated at 5.3% of the portal vein blood flow based on the reported contribution to hepatic blood flow (Barnes et al., 1986 ) and the absence of significant changes in the contribution of the hepatic arterial to total venous blood flow with intake (Vernet et al., 2005) . The utilization of a flow probe around the portal vein was preferred to the infusion of para-amino-hippuric acid for instance to minimize the volume of blood removed from small growing ruminants. Plasma flow (L/h) in each vessel was calcu- where [AA] is concentration (mmol/L) of the AA in plasma, and PVF, AF, and HVF denote the portal vein, hepatic artery, and hepatic vein flow, respectively. A negative flux value indicates a net removal of the metabolite, whereas a positive flux indicates a net release of the metabolite by the tissue.
Whole body irreversible loss rate (ILR) of Leu and Phe from plasma was calculated from arterial enrichment (E AA ) over the plateau period as
where E i is the enrichment (APE) of the AA in the infusate, E a is the enrichment of the AA in arterial plasma at plateau, and IR is the rate of isotope infusion (mmol/h).
The ILR (unidirectional flux) of Leu or Phe across the PDV, liver, and TSP were calculated as follows: In the case of PDV and TSP, the arterial enrichment of the AA was used as the precursor pool. In the case of the liver, the true precursor pool for hepatic protein synthesis is difficult to define given the architecture and cellular compartmentation in the liver (Lobley et al., 1996) . As alternatives, liver ILR was calculated using the artery (A), portal vein (PV), or hepatic vein (HV) as precursor pools. For comparisons with PDV, TSP, and whole body ILR, liver ILR was calculated using arterial enrichment as the precursor.
Total plasma protein and albumin synthesis rates were determined from the rate of incorporation of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]Leu between 3 and 9 h of isotope infusion. The slope of the regression was used to calculate fractional synthesis rate (FSR) with hepatic vein [1-
13 C]Leu enrichment as the precursor pool (Connell et al., 1997) .
The absolute rates of hepatic export protein synthesis (ASR) were calculated as ASR (g/d) = FSR × plasma protein pool size, where plasma protein pool size is the product of the concentration (g/L) of total plasma proteins or albumin and plasma volume. Plasma volume was calculated from blood volume, assuming 0.06 of BW, and corrected for packed cell volume.
Results were analyzed by ANOVA according to a double Latin square design, with animal, treatment, and period as main factors. Analysis was carried out using the general linear model of Statistica (Statsoft, Tulsa, OK). If statistical significances were detected, a Duncan posthoc analysis was performed to assess differences between individual means. Differences were declared significant at P < 0.05, and tendencies were declared for 0.05 < P < 0.1 for all statistical tests.
RESULTS

Feed Intake and Digestion, N Balance, and Daily BW Gain
As planned, N intake of the lambs on the LN diet was reduced by 20%, whereas ME intake of lambs on the LE diet was reduced by 20% relative to the CON diet. However, as a result of a less-than-expected N content of the maize used in the LE diet, N intake was reduced by 12% (P = 0.04). Thus, the ratio of apparently digested N to ME intake was 1.15 for CON, 0.87 for LN, and 1.31 for LE diets. This resulted in ADG that tended (P = 0.07) to be less when sheep received the LE diet (191 g/d) compared with CON (265 g/d) and LN (258 g/d) diets (Table 2) . Similarly, N retention was reduced (P < 0.003) when lambs consumed the LE (5.0 g/d) diet compared with CON (8.1 g/d) and LN (7.3 g/d) diets (Table 2 and Kraft et al., 2009 ).
Plasma Insulin
Insulin concentration in the portal vein tended (P < 0.10) to be less for the LE diet compared with CON and LN diets (Table 3) . No significant effect of diet was observed for arterial and hepatic vein concentrations of insulin.
Net Balances of Phe and Leu Across Tissues of the TSP
Net PDV flux of Phe was not affected by diet whereas net PDV flux of Leu was less (P = 0.05) for the LN (−25%) and LE (−20%) diets compared with CON (Table 3) . Net liver flux of Phe was less (P = 0.03) for the LN (−25%) and LE (−20%) diets compared with CON. By contrast, net liver flux of Leu was not affected by diet. Overall, the net TSP flux of Phe was not affected by diet, whereas net TSP flux of Leu tended (P = 0.06) to be less for the LN diet (−32%) compared with CON.
Whole Body and TSP ILR of Phe and Leu
Plasma ILR of Phe and Leu were both less (P = 0.02 and P = 0.006 for Phe and Leu, respectively) when lambs consumed the LN and LE diets compared with CON (Table 4) . Whereas Phe ILR across the PDV was Partition of amino acid utilization within the body not affected by diet, Leu ILR by the PDV was less (P = 0.04) when lambs consumed the LN and LE diets. The ILR of Phe by the liver was less (P = 0.008) when lambs received the LN and LE diets. By contrast, ILR of Leu by the liver was not affected by diet. Overall, ILR of Phe by the TSP was less (P = 0.004) for the LN and LE diets, whereas ILR of Leu by the TSP was not affected by diet. In consequence, when lambs consumed the LE and LN diets, a smaller (P < 0.05) proportion of whole body ILR of Phe was partitioned to the liver, whereas a greater proportion of whole body ILR was partitioned to non-TSP tissues (Figure 1 ). For Leu, the proportion of whole body ILR partitioned to the PDV was less (P < 0.05) for the LN diet compared with CON.
Plasma Proteins
Both the fractional and absolute rates of synthesis of total plasma protein and albumin were least (P = 0.05) for the LE diet (Table 4) . Despite this, arterial concentration of total proteins, albumin, and fibrinogen were similar for the 3 diets (Table 5 ). The contribution of hepatic export protein synthesis to the net removal of Phe by the liver was estimated (assuming 6.3 g of Phe/100 g of plasma protein) at 12.1% for CON, 14.9% for LN, and 11.7% for LE diets. By contrast, hepatic export protein synthesis accounted for a greater proportion of net Leu uptake by the liver with estimates (assuming 12 g of Leu/100 g of plasma protein) of 78% for CON, 72% for LN, and 99% for LE diets. Table 2 . Body weight measurements, intakes of DM and ME, and N digested and retained by growing rams fed the control (CON), N-limited (LN Means in a row without a common superscript letter are different between the diets, P < 0.05.
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For each variable tested, the P-value represents the difference between the diets. Means in a row without a common superscript letter are different between the diets, P < 0.05.
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DISCUSSION
Impact of the Diets at the Whole Body Level
The aim of this study was to assess whether subtle, and more typical, changes in the dietary supplies of energy or N lead to adaptations in the partition of protein synthesis in the whole body and among the TSP tissues, in particular liver export protein synthesis. This feeding model was chosen to induce a N or energy deficiency to imbalance the demand for nutrients across the peripheral and splanchnic tissues and observe if these stimulated metabolic adaptations. The N and energy supply in all diets were designed according the INRA feeding tables (Jarrige, 1989) to meet the requirements in the CON diet in growing sheep. The LN and LE diets are hence deficient in N or energy supply compared with the CON diet according to the INRA feeding tables. One limitation of our model was that the LE diet also showed a small, but significant, decrease in N supply (−12%) compared with the CON diet because the N content of the maize ingredient was less than expected. However, the diet manipulations had the desired effect of creating imbalances in the relationships of digested N to ME intake. As we reported in Kraft et al. (2007 Kraft et al. ( , 2009 , despite net PDV appearance of total AA-N being less (−40%) and net PDV absorption of total VFA being similar for LN compared with the CON diet, there was no difference in whole body N retention between the LN (7.3 g of N/d) and CON diets (8.1 g of N/d). In contrast, despite net PDV release of total AA-N being similar and net PDV release of total VFA being less for LE compared with the CON diet, N retention was substantially less for LE (5 g of N/d) compared with the CON diet. These observations suggest an important role of absorbed energy in N metabolism in the body. This also shows that the response in terms of N retention is not in accordance, in the LN diet, with what could be predicted by the INRA feeding tables. This can be because these tables were not built in cases of such imbalances in N and energy in sheep and because specific sparing mechanisms may take place for N nutrients in the LN diet. The present paper reports on the consequent adaptations in the partition of protein metabolism in the body that underlie these responses in body N retention as diet energy or N intake is altered.
PDV
A decreased Leu ILR in the PDV of animals fed the LN and LE diets was observed. This decrease was associated with a reduction of the net PDV release in LN and LE diets. However, the metabolic adaptations involved in LE and LN diets are probably different. Indeed, in the case of the LN diet, the contribution of the PDV to Leu ILR is decreased relative to the CON diet (27% in LN compared with 36% in CON diets). Consequently, as suggested by Kraft et al. (2007) , even if mostly driven by the reduced N supply in the LN diet, the reduced net portal appearance of Leu can be Table 4 . Whole body, total splanchnic tissues (TSP), liver, and portal-drained viscera (PDV) irreversible loss rates of plasma Phe and Leu in rams fed the control (CON), N-limited (LN For each variable tested, the P-value represents the difference between the diets; means in a row without a common superscript letter are different between the diets, P < 0.05.
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Values are means ± SEM (n = 6). Whole body irreversible loss rates were converted to protein equivalent fluxes based on the average concentration of Phe (3.4 g/100 g) and Leu (6.2 g/100 g) in mixed body proteins of growing sheep (MacRae et al., 1993). explained by a relative sparing mechanism of E AA via a probable decreased oxidation of AA at the PDV level. Indeed, branched-chain AA (BCAA), Met, and Thr have been shown to be oxidized in the PDV of ruminants and nonruminants (Le Floc'h et al., 1995; van Goudoever et al., 2000; Lobley et al., 2003; Pacheco et al., 2006) , and a decreased oxidation rate of those AA in a case of N deficiency can be hypothesized in ruminants, as already demonstrated in pigs (van der Schoor et al., 2001) . The absence of alteration of Phe ILR at the PDV level is not inconsistent with the hypothesis stated above because the oxidation of Phe at the PDV level of ruminants has not been demonstrated (Lobley et al., 2003; El-Kadi et al., 2006) .
Liver
The choice of the precursor pool for the estimation of the liver ILR calculation is still a matter of debate (Lobley et al., 1994 (Lobley et al., , 1996 . This is due to the hepatic physiology with arterial and portal supply of blood to the liver. However, in our study, whatever the precursor pool used for estimation of ILR in the liver, it was always less in lambs fed LN and LE diets compared with the CON diet.
A reduction of AA utilization is observed in the LNand LE-fed rams, as shown by a significant decreased net hepatic Phe uptake and decreased hepatic Phe ILR in LN and LE diets compared with CON. This is associated with a decreased contribution of the liver to the overall ILR (42% for LN and LE diets compared with 71% in CON diet). The utilization of Phe was decreased to a greater extent in the liver compared with other tissues and organs (except PDV) in LN and LE diets. Show significant differences (P < 0.05) between the diets for the contribution of PDV, liver, and other tissue ILR to the whole body ILR. Table 5 . Concentration of total plasma proteins, albumin and fibrinogen, and fractional and absolute rates of total plasma proteins and albumin synthesis (using incorporation of [1-13 C]Leu in plasma proteins and albumin) in growing rams fed the control (CON), N-limited (LN Means in a row without a common superscript letter are different between the diets, P < 0.05.
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For the LN diet, a decreased AA oxidation (WrayCahen et al., 1997; Lapierre et al., 1999) is probably the mechanism involved in the reduction of Phe ILR within the liver in the LN diet because of the observed reduction of urinary N and plasma urea N (AA oxidation leads eventually to urea synthesis; Kraft et al., 2007) . Another fate of AA within the liver is protein synthesis. The potential contribution of the net Phe uptake to total exported protein synthesis varies between 12 to 15%, whereas this value is above 70% for Leu in our study. The proportion of 10 to 15% of Phe net uptake for exported protein synthesis is very similar to other reports in ruminants (Raggio et al., 2007) . The discrepancy between Leu and Phe contribution is explained by the smaller quantity of Leu oxidized within the liver relative to Phe (see Lobley, 1992 , for review). Our study indicates an absence of an effect of the LN diet on exported protein synthesis (albumin or total proteins), which is not surprising because a similar result was observed in lactating cows supplemented with protein (Raggio et al., 2007) . However, the net Phe uptake is simultaneously decreased in the LN diet, which indicates that the proportion of the Phe net uptake used for the synthesis of exported proteins increases in the LN diet (12% in CON and LE diets and 15% in the LN diet, using the hepatic vein as a precursor pool). Consequently, and consistent with Raggio et al. (2007) , the exported protein synthesis is sustained despite the decreased AA supply to the portal vein. This increased efficiency of AA hepatic utilization for export protein synthesis has been observed previously in catabolic states (De Feo et al., 1992 , and plasma proteins have been suggested to be a form of temporary storage of AA within the body. The sustained export protein synthesis associated with decreased AA oxidation (Wray-Cahen et al., 1997) may result in reduced irreversible oxidative losses within the liver in a situation of decreased hepatic AA supply. The utilization of AA from exported proteins by peripheral tissues for anabolism may occur because a few studies have shown an entry of albumin in the intracellular space of muscle cells by using labeled albumin (Yedgar et al., 1983; Maxwell et al., 1990) . Albumin exhibited the same pattern of change as total export proteins. This result confirms data from other authors suggesting that among the plasma proteins, albumin is potentially the main form of storage of AA used by the body to preserve AA from oxidation (Volpi et al., 1996; De Feo and Lucidi, 2002) .
For LE diet, total export protein synthesis is decreased [fractional (−12%) and absolute (21%) synthesis rates] compared with CON animals, suggesting that this anabolic pathway is not preserved in this case. To our knowledge, even if numerous studies have shown an alteration of the synthesis of exported proteins in various physiological situations such as catabolic states (Ruot et al., 2000) or the quantity of intake in nonruminants (de Meer et al., 2000) or ruminants (Connell et al., 1997 ), no effect of energy supplementation or depletion alone on plasma protein synthesis had been reported. The potential contribution of net Leu hepatic uptake to exported protein synthesis shows that more Leu is used for total exported protein synthesis in LE than in the other diets (78, 72, and 99% for CON, LN, and LE diets, respectively). The oxidation of Leu (even if small) may be decreased to its minimum in the LE diet. The decreased hepatic Phe ILR observed in the LE diet can then be explained, at least partially, by a decreased export protein synthesis. Thus, the decreased export protein synthesis contributes to decrease the net Phe uptake by the liver, but only 10% of this decreased net Phe uptake is due to the decreased total exported protein synthesis. Consequently, other mechanisms such as a decreased endogenous protein synthesis or oxidation (the liver gain can be considered as minor) or both must be involved to explain the decreased Phe uptake. A decreased FSR of albumin is also observed in the LE diet. Quantitatively, a reduction of albumin ASR (−1.45 g/d) is observed, whereas the total plasma protein ASR is decreased by −2.76 g/d. Hence, the decreased albumin ASR explains one-half of the decreased total proteins ASR, implying that other plasma protein ASR was also decreased. A decreased AA oxidation within the liver is possible, but urinary N is similar between CON and LE animals (Kraft et al., 2007) , suggesting that whole body oxidation of AA remains increased. A decreased AA oxidation within the liver may be compensated for by a subsequent increased oxidation of AA (BCAA) in the muscles for energy supply. The 2 major metabolic fates of Phe (oxidation and protein synthesis) and to a lesser extent Leu are presumably decreased in the LE diet, and in contrast to what was observed in lambs fed the LN diet, no specific sparing mechanisms can be highlighted in the liver in this case, leading to the decreased growth observed in the LE-fed animals.
The potential regulatory mechanisms that can explain the decreased export protein synthesis observed in the LE diet is unclear. The decrease in the portal vein insulin concentration and the decrease in net PDV release of VFA (data not shown) may have regulatory effects on export protein synthesis in the LE diet. Insulin infusion in humans (euglycemic clamp) has been shown to increase albumin synthesis and decrease fibrinogen synthesis (De Feo et al., 1993) . However, the role of insulin is more questionable in other studies where the role of nutrients such as AA (and VFA in our study) as regulatory factors is hypothesized (Ahlman et al., 2001; Davis et al., 2002) . Whatever the mechanism involved, because protein synthesis is a metabolic activity that requires energy (Lobley, 2007) , the decreased energy supply to the liver may have de facto decreased the overall synthetic activity of the liver, including the export protein synthesis. The utilization of AA by the liver was hence directed toward other metabolic pathways, such as oxidation for energy production.
The reduction of N supply alone (LN diet) in the diets of rams led to the establishment of specific metabolic adaptations: 1) reduction of oxidation of BCAA in the PDV and 2) reduction of some AA oxidation and a preservation of AA from oxidation by a sustained export (particularly albumin) protein synthesis in the liver. Those metabolic adaptations led to decreased N wastage of AA at the whole body and preserved growth. As a consequence, in case of sufficient supply of ME, the N supply could be reduced (compared with what is recommended in the INRA feeding tables) in growing sheep because of the occurrence of these metabolic adaptations. On the contrary, after a reduction of energy (LE diet) supply, similar mechanisms do not take place. Protein synthesis is decreased (in the liver and in the whole body) and whole body oxidation is probably increased, leading to decreased growth rate. The utilization of AA as an energy source (particularly in the PDV and peripheral tissues) led to subsequent N wastage. Energy deficiency is hence surprisingly more deleterious on AA metabolism than N deficiency. This reinforces the idea that a properly balanced supply in both energy and N components in the diet is essential for an optimization of efficiency of utilization of nutrients for optimal growth. The role and quantitative importance of export proteins, and particularly albumin, as alternative sources of AA to the muscle (particularly in the case of N-deficient diets) requires further investigation.
